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Abstract
The human gastrointestinal tract is divided into sections, allowing digestion and nutrient absorption in the proximal region to be separate
from the vast microbial populations in the large intestine, thereby reducing conﬂict between host and microbes. In the distinct habitats of
the gut, environmental ﬁltering and competitive exclusion between microbes are the driving factors shaping microbial diversity, and stochastic factors during colonization history and in situ evolution are likely
to introduce intersubject variability. Adaptive strategies of microbes
with different niches are genomically encoded: Specialists have smaller
genomes than generalists, and microbes with environmental reservoirs
have large accessory genomes. A shift toward a Neolithic diet increased
loads of simple carbohydrates and selected for their increased breakdown and absorption in the small intestine. Humans who outcompeted
microbes for the new substrates obtained more energy from their diets
and prospered, an evolutionary process reﬂected in modern population
genetics. The three-way interactions between human genetics, diet, and
the microbiota fundamentally shaped modern populations and continue
to affect health globally.
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INTRODUCTION

Niche: the
complement of
activities that support
the life of an organism,
commonly compared
to profession
Microbiota:
microbial life forms
within a given habitat
or host
Metagenome:
community-level
genome composed of
the combined genomes
of its constituents
Habitat: the dwelling
place of an organism
Microbiome:
microbial life forms
inhabiting a living
host, their combined
genomes, and their
interactions with the
host

412

A fast and powerful way for an organism to
take on new faculties is to acquire the necessary
genes from another organism. In microbes, the
ecological expansion into new niches is often
facilitated by the uptake of gene sequences
from other microbes via horizontal gene transfer (91). In contrast, multicellular eukaryotes
do not take up exogenous DNA as readily as
microbes; instead, they form symbiotic associations with microbes that carry the necessary
genes, allowing a rapid adaptive extension
of their phenotypic capabilities (78). Hostmicrobe symbiosis is widely distributed within
the Eukaryota, and the molecular mechanisms
that underlie these relationships and the contributions made by the microbes toward their
host’s biology are well understood in certain
invertebrates (e.g., insects and squids) (57, 64).
Many of the interactions that have emerged
between symbiotic partners are mutualistic and
enhance the ﬁtness of the host, and in insects,
those include contribution to nutrition and
defense.
Host-microbe symbiosis in humans and
other mammals differs from that in inverteWalter

·
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brates because vertebrate hosts generally harbor more diverse and dense microbial communities in their intestines (45, 58). The human
gut microbiota as a whole encode 150 times
more genes in their collective metagenome than
are present in the human host genome (70).
Traits humans have gained from the acquisition of microbial symbionts include biosynthetic capacities to break down a greater range
of plant polysaccharides; microbial fermentation provides roughly 10% of daily energy from
a Western diet (8). But human gut microbes appear to have retained many genes also present
in the host genome (70). Host enzymes that are
active in food degradation have equivalents in
most if not all gut bacterial genomes (51). This
stands in contrast to the mutualisms of insects,
in which either bacteria or host loses redundant functions and as a result they become irreversibly dependent on each other for nutrition
(60).
In this review, we focus on the ecology and
evolution of the human gut microbiota over
the long term and in very recent human evolution. We discuss the current understanding
of microbial biomass and diversity in the small
and large intestines, the functions of microbes
in these habitats, and the ecological forces that
have shaped the gut microbiome. We present
evidence that the community composition of
the gut microbiota and the genetic content of
bacterial genomes are determined largely by
adaptations to niches whose characteristics are
shaped by host genotype and microbial interactions within the communities. We then discuss how very recent culturally driven changes
in diet are likely to have challenged the competitive balance of host and gut microbiota and
to have affected the evolution of this symbiosis.

GUT HABITATS AND THEIR
INHABITANTS
The human digestive tract is partitioned to segregate the host digestive processes from most
of the microbial biomass, so that the host has
the ﬁrst shot at dietary substrates. Host digestive enzymes (e.g., amylase and lipase) are
secreted from the salivary glands (Figure 1)
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a

b
pH gradient
Salivary
gland

Oral cavity, 108–9 cells/ml

Esophagus

Liver

Microbial biomass

1.5–5

102–3 cells/ml

Duodenum

5–7

103–4 cells/ml

Jejunum

7–9

104–5 cells/ml

Ileum

7–8

108 cells/ml

Stomach

Stomach

Ileocecal valve

Pancreas

Duodenum

Colon
Ileocecal
valve

Colon

1011cells/ml

5–7

Jejunum

Cecum
Ileum

Rectum

c

Bacterial population present
Oral cavity:
Gemella (e.g., G. haemolysans), Granulicatella,
Streptococcus (e.g., S. mitis), Veillonella, Prevotella,
Porphyromonas, Rothia, Neisseria, Fusobacterium,
Lactobacillus

Small intestine:
Escherichia coli, Klebsiella, Enterococcus, Bacteroides,
Ruminococcus, Dorea, Clostridium, Coprococcus,
Weissella, Lactobacillus (some species)

Allochthonous microbes are generally outnumbered
by autochthonous microbes.

Stomach:
Helicobacter pylori
Allochthonous: Gemella (e.g., G. haemolysans),
Granulicatella, Streptococcus (e.g., S. mitis), Veillonella,
Prevotella, Porphyromonas, Rothia, Neisseria,
Fusobacterium, Lactobacillus

Allochthonous: Granulicatella, Streptococcus
(e.g., S. mitis), Veillonella, Lactobacillus

Large intestine:
Five major phyla: Firmicutes, Bacteroidetes,
Actionobacteria, Verrucomicrobia, and Proteobacteria.
Hundreds of species.
Allochthonous microbes are generally outnumbered
by autochthonous microbes.

Figure 1
Characteristics of the major habitats of the human gastrointestinal tract and their inhabitants. (a) The major sections of the
gastrointestinal tract. (b) Bars in the center indicate pH levels moving from the stomach to the distal gut (left) and biomass levels (right).
(c) Boxes indicate the dominant types of microbes either allochthonous or autochthonous to those habitats.
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during mastication, and the stomach retains the
food and provides the acidic pH for the host’s
proteases to be active. Additional enzymes (e.g.,
proteases, lipases, and amylase) are added from
the pancreas and liver via the biliary ducts in the
small intestine (SI). Food components that are
degradable by the digestive enzymes are broken
down to simple sugars, amino acids, and fatty
acids, which are absorbed in the SI. Food components that escape digestion (ﬁber, resistant
starch, some peptides and lipids) are passed via
the ileocecal valve into the large intestine (LI).
This valve is critical for host-commensal relations, as it limits the reﬂux of colonic contents
into the ileum, restricting the vast majority of
the biomass present in the human gastrointestinal tract to the LI. It is in the LI that the saccharolytic bacteria extract additional energy from
the diet, including those nondigestible carbohydrates from plant and animal sources that are
resistant to human enzymes (30).

Stomach and Small Intestine
The microbiota of the proximal gastrointestinal
tract can contribute to the amino acid requirements of the host if they are not provided by
the diet itself (72, 98). Despite these contributions, microbial biomass is kept relatively low in
the proximal SI of humans: Cell densities reach
levels of 104 –105 cells per milliliter of efﬂuent,
with higher populations (108 cells per milliliter)
in the ileum (Figure 1). The bacterial populations associated with the mucosa of the SI include the phylum Bacteroidetes and members of
the Clostridiales clusters XIV and IV (106, 107),
and those of the lumen can include members of
the Enterobacteriaceae (11, 34) (Figure 1). Low
biomass levels limit competition for substrates:
The microbiota would certainly win over the
host owing to their small surface-to-volume ratios and proximity to the substrates. Indeed,
when bacterial biomass is too high in the SI,
malabsorption of nutrients can occur (3).
There are several ways by which the human
host restricts bacterial biomass in the stomach and SI. The low pH of gastric contents
and rapid lumenal ﬂow tend to limit microbial
414
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growth (40). In addition, bile salts, which are
secreted into the duodenum via the bile, are
strongly bactericidal. Another tool in the host
arsenal for controlling bacteria is immunoglobulin (Ig). IgA recognizes the dominant microbes
present (32). The majority of IgA is thought to
be relatively unselective because it binds with
epitopes that are widely shared among gut bacteria (89). IgA is generally thought to limit microbial penetration into the mucosa, and it can
trigger bacterial agglutination in the mucus, enhancing clearance via peristalsis (36, 54). Although the mechanism involved is not well understood, IgA may also shape the diversity of the
normal gut microbiota and reduce the amount
of bacteria in the proximal SI (90).
In addition to IgA, the host produces antimicrobial compounds (e.g., defensins, cathelicidins, and C-type lectins) in all epithelial cell
lineages (12, 36). Many are expressed constitutively (69). Others (e.g., C-type lectins) are
triggered by the presence of bacteria (103).
These compounds vary in their killing selectivity (14, 37). Altered levels of the expression of
α-defensins in transgenic animals have demonstrated their potential to alter the community
composition of the lumenal microbiota, but not
biomass levels (79). Naturally occurring levels of antimicrobial peptides are far lower in
the lumen than in the mucosa (36), so their
impact on microbial lumenal populations is
uncertain.

Large Intestine
Several properties of the LI allow bacterial proliferation: less acidic pH, larger volume, lower
concentrations of bile salts, and longer retention time due to slower peristalsis. The LI lacks
Peyer’s patches present in the SI that sample the
bacteria and direct immune responses. As a result, the host’s immune system can tolerate densities of bacteria exceeding 1011 cells per gram
content. Microbial activity in the colon produces substantial amounts of short-chain fatty
acids (SCFAs) by fermentation of dietary compounds that escape digestion in the SI, and from
endogenous substrates such as carbohydrates

MI65CH21-Ley

ARI

27 July 2011

8:58

from shed mucus, proteins from host cells, and
enzymes. SCFAs, particularly butyrate, provide
most of the LI enterocyte energy requirements.
However, the LI lacks the ability to actively absorb amino acids and B vitamins, so the host
can gain from the presence of these compounds
only if they are fermented to SCFAs, or if they
support beneﬁcial microbial growth (88).
Like the SI, the substantial majority of the
mucosally associated populations of the LI
belong to the Firmicutes (clusters IX, XIV, and
XVI) and Bacteroidetes (23) (Figure 1). Other
phyla represented include the Actinobacteria,
which can be common in the feces of some
individuals (102), the Verrucomicrobia (i.e.,
Akkermansia, Victivallis), and a number of less
abundant phyla such as the Proteobacteria and
Fusobacteria (15). The phylogenetic architecture of the LI microbiota can be described
as fan-like, with a high diversity of strains
representing a few deep evolutionary lineages
(6, 47). Unlike the high species/strain diversity
of Bacteria seen in the LI, the Archaea are represented primarily by Methanobrevibacter smithii
and, to a lesser degree, by Methanosphaera
stadtmanae (23). In addition to Bacteria and
Archaea, other types of microbes are present,
such as protozoans and fungi (81), whose
functions are less well understood. Viruses,
mostly prophages and phages whose hosts are
prominent bacterial members of the microbiota, are remarkably common in the human
LI and probably play an important role in the
evolution and ecology within the ecosystem
(75). Standard biopsy samples show little variation in mucosal community diversity along
the length of the colon, indicating a relatively
uniform or well-mixed system (23, 111), and
fecal microbiota represent a mix of mucosally
associated and lumenal populations (23, 47).

MICROBIAL ECOLOGY
OF THE GUT
The widespread use of molecular techniques
has allowed greater insight into the composition of host-associated microbial communities
and has revealed that the distinctive environ-

mental characteristics along the gastrointestinal
tract result in the development of speciﬁc populations that inhabit these habitats (Figure 1)
(10, 11, 15, 23). However, most studies consist
of single timepoint snapshots of diversity that
cannot differentiate between permanent and
transient members, and this distinction is
particularly important for interpretation of
temporal dynamic within these populations.
On the basis of ecological observations in
mice, Savage (80) suggested that microbial
communities in the gastrointestinal tract contain autochthonous and allochthonous members, and these categories provide a useful
framework for understanding patterns of diversity and stability in the human gastrointestinal
tract. Autochthonous members occupy physical
spaces (niches) and form stable populations over
long periods (80). In contrast, allochthonous
microbes lack speciﬁc niches (i.e., profession),
and although they may be found in any given
habitat in signiﬁcant numbers, they contribute
little to the economy of the ecosystem (80). The
microbial and viral communities found in human fecal samples are relatively stable over time
(15, 48, 75) and remarkably resistant to blooms
of subpopulations, dietary changes (56), and antibiotics in moderate doses (77). These ﬁndings indicate that the microbial communities
present in the LI are to a large degree dominated by autochthonous microbes.
Microbiota of body sites with low population densities, such as the SI, tend to be
less stable over time (11, 34). One reason
for the inverse correlation between stability
and population size is that allochthonous microbes are more likely to be detected against
a small autochthonous population than a large
one. For example, from the hundreds of phylotypes detected in the human stomach (10),
only Helicobacter pylori persists in this ecosystem
(Figure 1), is absent from the oral cavity or
food, and possesses the phenotypic and genomic traits to survive in the stomach (97).
In contrast, many of the bacterial groups that
are detectable by molecular methods in the
stomach and SI are also dominant in the
oral cavity, from which they likely originate
www.annualreviews.org • The Human Gut Microbiome

Autochthonous:
endogenously derived
and common to a
majority of hosts
Allochthonous:
derived from outside
sources, not found in
the majority of hosts,
but can be abundant in
any one host
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(e.g., Streptococcus mitis, Veillonella spp., and
Granulicatella spp.) (1, 10, 11) (Figure 1). Thus,
introducing high amounts of allochthonous microbes might contribute to the temporal variation in the SI (11). Despite its high temporal
variation, the human SI is likely to still possess an autochthonous microbiota in addition
to H. pylori, but identiﬁcation of autochthonous
residents will require repeated sampling over
time and would beneﬁt from a characterization
of the genomic underpinnings of the persistent
members (105).

Determinants of a Highly Individual
Microbiome Composition
To be autochthonous to a particular host, microbes should not only stably colonize the gastrointestinal tract, but also be present in a majority of individuals (80). These characteristics
certainly apply to the dominant bacterial phyla
of the gut, and speciﬁc lineages have also been
described in several studies as components of
a phylogenetic core (e.g., taxa present in 50%
to 90% of individuals surveyed) (70, 92, 108).
However, the concept of a phylogenetic core
is deﬁned differently between studies, and only
a small number of species-level lineages have
ever been detected in all subjects surveyed (70),
as the gut microbiota differ greatly between
subjects in membership and community structure (23, 102). Despite differences in composition between individuals, microbiomes appear
largely functionally equivalent (102). In this
section we discuss how the patterns of microbial
diversity within and between individuals can be
explained with modern concepts of community
ecology.
Humans are born with a sterile gastrointestinal tract that is successively colonized with
microbial populations until adult-like communities stabilize (42). This process has been described as chaotic, owing to a lack of commonly
shared temporal patterns of colonization in infants and an incomplete understanding about
the events that shape patterns of colonization
(42, 66). Current theory in community ecology
proposes three processes that drive commu416
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nity assembly: (a) deterministic niche-related,
(b) historic, and (c) neutral (13, 24). All three
types of processes likely combine to shape the
assembly of the gut microbiota, but the ecological features of the human gut microbiota suggest differences in their relative importance.
Niche-related, deterministic processes that
follow deﬁnitive rules dictated by local environmental ﬁlters are undoubtedly an important
shaper of gut microbial diversity (13, 24). In
this view, communities within the gastrointestinal tract of individuals are composed of
superior competitors that assemble themselves
according to available niches. These processes
select for members possessing speciﬁc traits,
and community structure is to a large degree
regulated by competitive exclusion (33, 41).
The environment in this case is the host, which
provides the physical and chemical properties
of the habitat, thus imposing an initial gauntlet
of selection (47). In response, gut bacteria
possess traits in common, many of which allow
homeostatic interactions with the host, such
as the ability to vary surface polysaccharides
(43, 68). Other traits enable persistence in the
gut, such as the ability to degrade sialic acid
via N-acetylneuraminic lyases (2), and other
components of host mucins, when preferred
dietary substrates are depleted (85). Strong
environmental ﬁlters in the gut that impose
strict requirements for successful colonization
are likely the main reasons why gut bacteria
form lineages that are distinct from those of
environmental microbes (46).
The importance of deterministic forces
in the assembly of the gut microbiota has
been demonstrated empirically: When microbial communities are transplanted from conventionally raised mice to germ-free zebraﬁsh
and vice versa, the community composition
changes to resemble the normal gut microbial
community of the recipient host (74). The shift
in the relative abundances of microbes when
placed in a different host shows that the outcome of competition between different subsets
of a given microbiota is dependent on the environmental conditions presented by the different hosts. Even within a single host species,
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genetic differences between hosts can underlie differences in gut community composition.
Host genetic factors, mostly relating to immunity, have a clear measurable contribution to
the relative abundance of bacterial genera (7).
However, ﬁltering by the host, and competitive interactions between members of the
microbiota, can explain only a fraction of the
variability observed between subjects (18).
Using a quantitative genetics approach, Bensen
and colleagues (7) showed that host genetic
factors accounted for some of the variation
between mouse gut microbiota, leaving a substantial fraction to be explained by other factors.
Similarly, the microbiota of genetically identical human monozygotic twins can show a similar degree of variability when compared with
dizygotic twin pairs (102). These ﬁndings further indicate that environmental and stochastic
factors affect community composition.
A second important factor that inﬂuences
community assembly and diversity is colonization history (13, 24). In this view, historical patterns of dispersal, which can only be described
in probabilistic terms, inﬂuence the interactions
within the community and have more impact
on community composition than environmental ﬁlters do. Differences in immigration order
in particular affect community assembly, as organisms alter niches for themselves and other
organisms, thereby shaping the physicochemical properties of the habitat and species interactions. This historical perspective of community
assembly also opens the door for the consideration of evolutionary processes in community
ecology (13, 24) (Figure 2). This perspective
challenges two assumptions of classical ecology:
(a) The traits of the members within a community are static over ecological timescales, and
(b) communities assemble mainly by ecological ﬁtting in which new members that evolved
elsewhere ﬁt themselves into the community’s
open niches. Instead, both old residents and recent arrivals may occupy new niches that appear
during community assembly, a process known
as in situ evolution (13, 24). Bacteria have many
unique features that favor rapid evolution over
ecological timescales: vast populations, short

generation times, rapid mutation rates, phenotypic plasticity, and high levels of gene ﬂow.
Adaptive radiation can be remarkably fast in
bacterial populations (71), and in a complex
microbial community such as the gut microbiota, horizontal gene transfer [which is especially prevalent in gut ecosystems (91)] allows
rapid adaptation to environmental changes and
novel opportunities during assembly. As a result, niches opening during assembly of the gut
microbiota can be populated either by acquisition of preadapted species or by the evolution
of adaptive phenotypes within species already
present (24). In situ evolution may play a central role in the establishment of the human gut
microbiota, although the extent to which this
happens over the life of a host is not known.
An alternative perspective to those discussed above states that community assembly
is largely a neutral process in which species are
ecologically equivalent (39). In this model, the
composition at a local scale (individual host)
and β-diversity is shaped by dispersal limitation, disturbance, and stochastic processes;
specialization for habitats does not play a role
in shaping diversity (39). The neutral model for
community assembly has been tested for several
microbial habitats, including the human gut,
and although the model performs well for many
microbial communities, it does not appear to
predict community composition in human fecal
samples (82). In addition, ecological communities assembled by neutral processes are open to
additional colonists, are continuously changing, and have nonequilibrium assemblages of
species (13, 24). This is in clear contrast to
microbial communities in the LI, which are
temporally stable, resilient to perturbations,
and resistant to colonization (15, 19, 56, 87).
Last, many characteristics of gut microbiota
can be explained when we assume a combination of niche-related and historical processes
during community assembly. For instance, unpredictable events during assembly would result
in differences in community structure in individuals (β-diversity), whereas in situ evolution
would ensure highly adapted phenotypes even
in the absence of reliable modes of transmission
www.annualreviews.org • The Human Gut Microbiome
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a

Parents

Offspring
HGT

β-diversity

HGT

b
HGT

β-diversity

HGT

HGT

Figure 2
Model of the acquisition, in situ evolution, and community assembly of the gut microbiota. Transmission of
microbes is indicated by arrows. Two extreme scenarios are shown. (a) Efﬁcient vertical transmission from
parent to offspring: Niches ﬁll quickly by colonization of microbes that are preadapted. Adaptation to
physiological differences in the niche environment of individual animals is facilitated by in situ evolution of
early colonizers. Variation between individuals (β-diversity) is due mostly to genetic differences within the
population. (b) Inefﬁcient vertical transmission from parent to offspring: Colonization of the next generation
relies on horizontal transmission or dispersal. Immigration is slow, and in situ evolution/adaptation of early
colonizers can occur more rapidly than colonization and becomes a main mechanism for ﬁlling available
niche space. Variation between individuals is due mostly to stochastic and unpredictable environmental
factors. Shapes indicate niches and colors indicate microbial lineages. Red arrows indicate gene ﬂow.
Abbreviation: HGT, horizontal gene transfer.

(Figure 2). Gene ﬂow within members of the
community would lead to phenotypic plasticity
and functional redundancy among microbial
lineages, with the result that microbiomes in
adult humans are variable in composition but
418
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conserved in functional traits (102). Although
these hypotheses seem to ﬁt observational
data, systematic experimental studies to test
them are currently lacking. However, the
relative importance of some interactions (e.g.,
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competition and environmental ﬁltering) can
be inferred from the phylogenetic structure of
communities (13, 38). Competition is thought
to select for community members that are more
distantly related to each other than predicted
by random sampling of inoculum community
(phylogenetic overdispersion), whereas host
selection favors members more closely related
than predicted (phylogenetic clustering) (24,
77). 16S rRNA gene-sequence-based studies
show patterns of phylogenetic clustering:
Microbial communities inhabiting the LI are
rich in species and strain diversity belonging
to relatively few phyla. This contrasts sharply
with habitats, such as soil and seawater, that
have a more even distribution of a wide number
of phyla (46).

Gut Niches
The organisms that dominate the human LI
vary tremendously in genome size and content (Table 1), reﬂecting differences in the
niche characteristics and in the ecological and
evolutionary strategies used by gut microbes
to occupy these niches. Generally, organisms
with larger genomes follow more generalist
lifestyles. An example is Bacteroides thetaiotaomicron, which has evolved to utilize complex and dynamic nutrient sources. In contrast,

Table 1

organisms with smaller genomes, such as
H. pylori and Lactobacillus reuteri, appear to be
adapted toward a restricted menu of dietary
substrates, and these microbes also show speciﬁcity toward particular host species.
The extreme conditions in the mammalian
stomach and SI select for specialized microbes.
H. pylori isolates from humans and Lactobacillus spp. from rodents and pigs can tolerate the
acidic conditions present in the stomach of
their hosts (28, 97). Enterobacteria (e.g., Escherichia coli ) and Enterococcus spp., which are
commonly found in the human SI (34), can
tolerate high concentrations of bile acids. H.
pylori, lactobacilli, enterobacteria, and enterococci have limited abilities to utilize complex
carbohydrates: Their nutritional requirements
reﬂect the nutrient-rich habitats they occupy,
which are proximal to host-nutrient absorption.
In addition to being specialized to a speciﬁc
gut habitat, species within the genus Helicobacter are remarkably speciﬁc for particular hosts
(83). For example, H. pylori is associated with
humans (49), and H. hepaticus is associated
with mice. Gastric Helicobacter species are
autochthonous: They have been (until the
antibiotic age) nearly universally prevalent and
usually not pathogenic to their natural host.
Another example of a highly host-adapted gut
microbe is L. reuteri (28, 65). The population

Genome sizes, habitats, and niches of human gut bacteria

Organism

Habitat

Ecological niche

Genome size (Mb)

Bacteroides thetaiotaomicron

Large intestine

Saccharolysis

6.3

Bacteroides vulgatus

Large intestine

Saccharolysis

5.2

Parabacteroides distasonis

Large intestine

Saccharolysis

4.8

Escherichia coli

Small, large intestine

Fermentation of simple sugars and amino acids

4.5

Roseburia intestinalis

Large intestine

Saccharolysis, butyrate producer

4.2

Eubacterium rectale

Large intestine

Saccharolysis, butyrate producer

3.4

Faecalibacterium prausnitzii

Large intestine

Saccharolysis, butyrate producer

3.1

Biﬁdobacterium adolescentis

Large intestine

Dietary carbohydrates

2.1

Methanobrevibacter smithii

Large intestine

Methanogen

1.9

Lactobacillus reuteri

Small intestine

Host speciﬁc, fermentation of simple sugars and
1,2-propandiol

2.0

Helicobacter pylori

Stomach

Utilization of simple sugars and amino acids

1.67

www.annualreviews.org • The Human Gut Microbiome
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structure of L. reuteri indicates a long-term
association of speciﬁc clades with particular
hosts and host-driven diversiﬁcation (65).
However, many other microbial lineages
follow a promiscuous lifestyle, because they are
found in different host species (45). An example
is E. coli, whose population structure is characterized by distinct clades that show no clear
association with particular host species (94).
The evolutionary strategy of E. coli appears
to resemble that of facultative symbionts of
insects, which are often erratically distributed
and resemble invasive pathogens in that they
spread through various host lineages (60).
The lifestyle and ecological roles of microbes affect the genome evolution and content
of gut microbes. In an analysis of 20 commensal
and pathogenic E. coli strains, Touchon et al.
(99) noted more than 4,700 genes per strain.
Of these, approximately 2,000 were estimated
to be present in all E. coli strains; the total gene
pool exceeded 10,000 genes (99). The ability of
E. coli to survive outside the host is likely a selection pressure on par with host specialization
and leads to expanded pan-genomes. A narrow
host range has the opposite effect—genomes
shrink. The reduced genome size of Helicobacter
species and L. reuteri is reminiscent of other
host-restricted bacteria (61, 63). Even though
the genomes of H. pylori and L. reuteri, like
E. coli, include genes acquired by horizontal
gene transfer and form pan-genomes (27, 28),
their genomes are nevertheless signiﬁcantly
smaller (Table 1) (99). In contrast to E. coli,
both species are directly transmitted between
hosts and lack environmental reservoirs. The
genomic patterns observed could indicate an
intermediate transitioning from a facultatively
to an obligately host-associated lifestyle (28).
The numerically abundant saccharolytic
bacteria of the human gut appear to be generalists in terms of niche preference. Their
glycobiomes allow them to break down a
great variety of polysaccharides. For instance,
the genome of B. thetaiotaomicron contains
261 genes annotated in the CAZy database
as encoding known or predicted glycoside
hydrolases and polysaccharide lyases (55).
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B. thetaiotaomicron can swiftly alter gene
expression to match the ever-changing availability of its preferred growth substrates, so
that the order of substrate preference, in
addition to the potential to degrade a given
substrate, further reﬁnes its niche speciﬁcity
(85). Although capable of using a wide array
of substrates, many microbes in the human
LI also show specialization toward speciﬁc
substrates. Genomically encoded specialization
for speciﬁc glycans, such as inulin, can predict
the competitive outcome between different
species of Bacteroides (84). Bacteria such as
Biﬁdobacterium adolescentis, Ruminococcus bromii,
Eubacterium rectale, and Roseburia spp. expand
their population sizes when speciﬁc dietary carbohydrates become available (16, 50, 56, 104).
If past competition between related strains
of bacteria for substrates drives niche specialization and supports diversity, then a wider variety
of glycans in the diet will lead to additional microbial niches and species in the gut. Indeed,
herbivores have on average a more phylogenetically rich microbiota than carnivores do, reﬂecting their more complex dietary substrates
(45). The diversity of the present-day human
distal gut microbiota was assembled in response
to our past diet: Preservation of high levels of
diversity may require preservation of a varied
diet rich in complex glycans.

RECENT EVOLUTION OF THE
HUMAN-MICROBIOTA
SYMBIOSIS
The development of agriculture and the
domestication of animals have been major
factors in recent human evolution (20, 76).
Very early hominids were largely omnivorous
and subsisted during periods of food scarcity
on starch-rich roots and bulbs, especially in
savannahs where edible plants were scarce (44).
In the past 13,000 years, food production arose
independently in several areas of the world, and
diets were broadened to include high-starch
plant foods and dairy products (20). We suggest
that the subsequent changes in diet set the stage
for intense conﬂict with diet substrates between
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host and gut microbiota. Host-microbiota
conﬂict led to the selection of hosts that outcompeted microbes for simple carbohydrates,
and possibly also reduced the microbial populations in the SI that competed for a reﬁned
diet containing additional starch and milk.
Starch is a complex polysaccharide consisting of a mixture of amylose (1,4-α-linked glucose residues) and amylopectin, a branched
polymer composed of amylose chains linked
to an amylose backbone by 1,6-α-linkages.
The relative proportions of amylose and amylopectin in a diet item determine how well both
the host and the bacteria can access it, and cooking foods can affect the properties of starch
present in the diet (25). Digestion of starch begins in the mouth, where the activity of salivary
α-amylase contributes up to ∼40% of simple
sugars (glucose) and short chains of partly digested starches (dextrins) (110). Once the food
passes into the SI, pancreatic amylase continues the degradation process. Although similar, salivary and pancreatic amylases are encoded by different genes (AMY1 and AMY2,
respectively) and show different levels of activity against starches of different origin (31).
The genetics of modern human populations suggest that selection favored humans that
could more effectively degrade starch in the
mouth. AMY1 gene copy number in the human genome is related positively to levels of
amylase in the saliva (67) and to oral enzymatic
activity (53). People from traditionally agricultural areas, such as Europe and part of Asia, have

on average a greater AMY1 copy number than
people with hunter-gatherer backgrounds (67).
This is one of the most dramatic signs of recent
human evolution yet detected.
If starch intake exceeds the host’s capacity
to degrade it and absorb breakdown products
during digestion, it will pass to the colon, where
bacteria will ferment it. Gut microbes can degrade starch: Amylases are widely shared among
phylogenetically unrelated gut microbes, such
as Butyrivibrio, Roseburia, and Bacteroides (73).
In Bacteria, amylase activity requires just three
genes of the same family, whereas the degradation of β-glucans and xylans can require up
to 17 CAZyme modules corresponding to 13
different CAZyme families (93). An increase in
starch content in the diet can be met by populations of starch-utilizing bacteria, as these can
expand in size in response to diet change (56).
If bacteria in the LI could ferment the excess
starch, why did selection favor individuals with
high levels of salivary amylase production? The
most likely answer is that the energy gains from
direct uptake of starch monomers in the SI,
instead of fermentation products from the LI,
provided a ﬁtness beneﬁt to the host. In terms
of straight energy content upon combustion,
glucose (2,890 kJ mol−1 ) that is absorbed in
the SI yields more energy than the SCFA (e.g.,
2,144 kJ mol−1 for butyrate and 1,734 kJ mol−1
for 2 moles of acetate) (Table 2) that would be
produced in the colon. Furthermore, the microbiota will divert some of the energy from
the diet for their own maintenance and growth.

Table 2 Comparison of the energy released from combustion with oxygen at 1 atm and 37◦ C of
glucose and its fermentation productsa
Number of electrons

Number of carbon atoms

kJ mol−1

Glucose

24

6

2,890

Butyrate

20

4

2,144

Propionate

13

3

1,502

Lactate

12

3

1,361

Ethanol

12

2

1,319

Acetate

8

2

867

Chemical

a

Data from Reference 4.
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These energy-yield considerations imply that
the optimal strategy for a host evolving with a
high starch diet was breakdown and uptake of
simple sugars in the SI, with minimal enzymatic
contribution from bacteria in the LI.
Milk was also incorporated into the diet
during the Neolithic transition to a pastoral
life. All nonhuman mammals lose their ability
to degrade lactose soon after weaning owing to
decreased levels of lactase-phlorizin hydrolase
in the gut. The lactase persistence (LP) trait in
humans is a dominant Mendelian trait common
in places with a long history of raising animals
for milk production. There are several ways
that human genetics have changed to achieve
LP, which is an example of convergent evolution of this phenotype in human populations
(95). Human genetic evidence indicates that a
selective sweep occurred in European populations between 5,000 and 10,000 years ago (9).
Lactose that is not assimilated in the SI passes
into the colon to be fermented by bacteria.
Many gut bacteria have β-galactosidases, which
break down lactose into glucose and galactose.
As with starch, the positive selection among
milk-consuming peoples for LP suggests a
larger energetic gain compared with allowing
lactose fermentation in the gut. Clearly, lactose
and starch have similar histories and effects
on human populations. When added to the
diet, selection favored humans who utilized
both substrates in the SI more efﬁciently. The
microbiome was capable of degrading these
compounds (niches were occupied), but hosts
who maximized these capabilities independently of bacteria had the greatest ﬁtness.
In addition to selection for speciﬁc host
genotypes, it is tempting to speculate that another host response to Neolithic diet changes
was a restriction of microbial densities in the
SI. Animals such as mice, rats, pigs, and horses
harbor much higher microbial populations in
their proximal intestinal tract. The relatively
strict spatial compartmentalization of digestion
between host and microbe in modern humans
might be a direct evolutionary response to
the increase in easy digestible diets during the
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Neolithic revolution. This would have allowed
humans to enjoy their reﬁned diets without
microbial competition while still beneﬁting
from the fermentation of ﬁber and resistant
starches in the colon.

Changes to the Microbiome over
Human Evolution
Direct evidence for changes in the microbiota
over recent human history is almost impossible to come by because well-preserved intestinal or fecal specimens are extremely rare. One
notable metagenomic analysis of ancient feces
(1,300 years old, Mexico) revealed Methanobrevibacter smithii as the only archaeon present, a
dominance of Bacteroidetes and Firmicutes, and
major functional categories, such as carbohydrate metabolism and metabolism of vitamins,
similar to features seen in modern microbiomes
(70, 96).
Going back farther in time, one early change
in hominid diet came with the invention of
cooking, which most likely preceded agriculture. Cooking would have allowed early humans to consume a wider range of foods that
were otherwise too tough for human consumption (21, 52). Great apes today prefer cooked
tubers and beef over raw options, suggesting
that early hominids might have started eating
cooked foods as soon as ﬁre was under control
(109). Cooking may have shaped the gene content of the human microbiome by introducing
new toxins (i.e., the Maillard reaction produces
acrylamide) (62, 86), and gut bacteria can further transform products of the Maillard reaction (100). The presence of xenobiotics unique
to cooked food may explain why some of the
human gut microbiome’s enzymes that degrade
xenobiotics, such as unique β-glucuronidases,
appear to be unique to the human gut (29).
We know that the microbiome adapts
to changes in human ecology over time. A
classic example is the biogeographic patterns of
H. pylori that mirror those of human migration
(26, 59). H. pylori has been passed between
close relatives over generations, such that its
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strain variation can be mapped onto modern
populations to reconstruct their histories (5).
To date, data are insufﬁcient to determine
whether patterns of overall gut microbial community diversity also reﬂect human migration.
But the generalist lifestyle of the majority of
gut microbes, as described above, makes this
less likely. The variation in human diet across
the world can also confound patterns of gut
microbial diversity. Diet may be selecting on
existing differences in microbial populations
that codiversiﬁed with human populations. A
recent study of rural children in Burkina Faso
and Italy showed that the Bacteroidetes were
far more abundant in the African children’s
microbiomes (17). In addition, the types of
Bacteroidetes present in the African children’s
microbiomes differed from those in typical
Western or Asian microbiomes as they may be
ideally suited to liberate energy from plant-rich
diets typical of the African children. Microbiomes vary geographically with their hosts in
part because they are adapted to local diets.
Adaptation to local diet can occur by acquisition of novel genes by the resident microbiota.
A spectacular example of this has been shown
for Bacteroides plebeius. Strains of B. plebeius isolated from Japanese subjects harbor a gene acquired from marine bacteria and necessary to
degrade porphyran in edible seaweed (nori),
and this gene is undetected in North American microbiomes (35). Particularly signiﬁcant
was the demonstration that a local adaptation
could be achieved by incorporating genes from
the environment in what constitutes clear evidence of past in situ evolution.
Within modern human populations, recent
diet changes have undoubtedly affected the
relative abundances of the types of microbes
present in the gut (104). A Western diet low
in complex carbohydrates and high in simple
sugars and fat is associated with reduced levels
of Bacteroidetes in North Americans (48, 101).
Speciﬁc types of bacteria that are detectable in
feces show increases in numbers in response to
short-term dietary changes, such as changes in
resistant starch content (22, 56, 104). The gen-

eral pattern over time is likely to be associated
with a loss of microbial diversity as diets become more reﬁned and antibiotics that are effective against autochthonous members, such as
H. pylori and L. reuteri, are deployed.

CONCLUDING REMARKS
Humans maintain intimate associations with an
autochthonous gut microbiota in a mutualism
that has evolved over millennia. If the human
microbiota are composed of lineages that form
specialized mutualistic relationships with their
host, then the acquisition of these microbes and
the correct assembly of the microbiota early in
life would be important for the development
and lifelong health of the host. The assembly
of the microbiota is a complex process that is to
a large degree dependent on the transmission
history of the microbes. It is almost inevitable
that the characteristics of the modern lifestyle,
such as antibiotics, Caesarian sections, hygiene,
reﬁned diets, formula feeding, and small households, would introduce hurdles into symbiont
transmission with consequences for the functional development of the gut microbiota. This
is one way in which the modern lifestyle might
contribute to the rise in chronic diseases recently associated with the gut microbiome in
westernized societies.
Our most recent evolution was driven in
large part by changes in diet. We may arguably
be seeing a new wave of intense changes in diet
in subsets of the population, toward loss of ﬁber
and greater intake of simple sugars, fats, and
proteins. These changes might be driving not
only the obesity epidemic, which has been associated with changes in microbial ecology of
the gut (48), but also compositional and functional differences within the gut microbiota that
predispose humans to metabolic disorders. One
treatment of metabolic disease today is to inhibit amylase activity. It is ironic that one way
to treat problems brought about by our modern diet is in effect to negate the consequence
of gene duplications that allowed many of our
ancestors to survive.
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SUMMARY POINTS
1. The human intestine is divided into discrete sections that spatially segregate host digestive
activity in the stomach and SI, where microbial biomass is low, from high microbial
biomass and enzymatic activity in the LI. The separation is necessary because most gut
microbes possess the capacities of the host to degrade and take up simple substrates that
are the main component of modern diet, but the host relies on additional properties of
gut microbes to generate SCFAs.
2. The distinct regions of the gut create unique habitats to which the resident microbiota
are well adapted. Within the constraints of the gut habitats, competition for niche space
shapes microbial diversity. During assembly of the gut microbiota, stochastic events and
adaptive processes further combine to inﬂuence the in situ evolution of gut microbiota
and resulting patterns of diversity.
3. Autochthonous members are the most highly specialized to gut niches and are rarely
found outside the gut. Those with restricted host ranges also have reduced genome
sizes. The dominant bacteria of the colon are nutritional generalists able to degrade a
wide variety of glycan substrates and divide niche space with different orders of substrate
preferences. Little is currently known about the degree to which mammalian gut microbes
show host specialization.
4. The development of agriculture altered human diets. Starch and milk were added to diets
in many parts of the world. Human genetic evidence suggests that people able to utilize
starch and milk directly using host enzymes, while minimizing microbial fermentation,
had a ﬁtness advantage.
5. Modern diets, which are even richer in simple substrates compared with Neolithic diets,
together with features of the modern lifestyle, further stress the interactions between
the microbiota and the human host, which might contribute to the global epidemic of
metabolic disorders today.

FUTURE ISSUES
1. A more reﬁned understanding of how the microbiota of the gut is assembled is necessary
to inform strategies to reshape microbiota. Do successional stages exist and affect the
nature of later-stage microbiota?
2. How rapidly does in situ evolution occur in the human gut, and does this process contribute substantially to the variability between subjects?
3. The microbiota of the SI are understudied compared to fecal microbiota, yet they interact
closely with the host immune system. Research into their ecology and role in diseases is
essential.
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